Co-transcriptional R-loops arise from physiological or aberrant stalling of RNA polymerase, leading to formation of stable DNA:RNA hybrids. Unresolved R-loops can promote genome instability. Here, we show that the Fanconi anemia-and breast cancer-associated FANCM protein can directly unwind DNA-RNA hybrids from co-transcriptional R-loops in vitro. FANCM processively unwinds both short and long R-loops, irrespective of sequence, topology or coating by replication protein A. R-loops can also be unwound in the same assay by the yeast and bacterial orthologs of FANCM, Mph1 and RecG, indicating an evolutionary conserved function.
recently reported elevated formation of R-loops in FANCM-defective cells (Schwab et al, 2015) . 29
This was not because of increased transcription, but because of failure to properly remove R-30 loops (Schwab et al, 2015) . Similarly, R-loops accumulate at telomeres after FANCM depletion, 31 particularly in cells that utilize the ALT pathway of telomere maintenance (Pan et al, 2017) . As 32 such, FANCM may also prevent accumulation of DNA:RNA hybrids by the TERRA long non-33 coding RNA, which is essential for maintenance of ALT (Arora et al, 2014) . 34 FANCM is a functional ortholog of the yeast Mph1 and Fml1 branchpoint translocase proteins 35 (Whitby, 2010) . Like these enzymes, FANCM contains an N-terminal SF2 helicase domain whose 36
ATPase activity is activated only by branched DNA molecules (such as those found at stalled 37 DNA replication or transcription bubbles) (Coulthard et al, 2013) , and can translocate replication 38 forks and Holliday junction DNA structures. Here we show for the first time that FANCM, and its 39 yeast homolog Mph1, are also efficient in R-loop processing. Like for the bacterial RecG protein 40 (Hong et al, 1995 , Vincent et al, 1996 , this function depends upon ATP hydrolysis and involves 41 branch migration, to directly remove RNA trapped in co-transcriptionally formed R-loops. 42 R-loops accumulate in different regions of the genome including highly transcribed genes, GC-112 skewed promoters and telomeric repeats (Arora et al, 2014 , Ginno et al, 2012 , Powell et al, 113 2013 ). To test whether R-loop processing by FANCM showed any sequence preference, we 114 tested several sequences that were previously demonstrated to be strongly R-loop prone 115 (Ginno et al, 2012) . These sequences include the human APOE or SNRPN and mouse Airn 116 genomic loci, which we cloned into our in vitro R-loops test plasmid (Supplementary Figure 1) . 117
These regions were assessed for their percentage of GC skew using genskew.csb.univie.ac.at 118 promoter. We compared the size of RNA trapped within these R-loops to those found in the 131 standard R-loop (consisting of a single sµ repeat of 143 bp) by subjecting the purified R-loops to 132 Urea-PAGE. Denaturation revealed multiple RNA species of different lengths within the 133 population of R-loops (Fig.4c) . One explanation for this observation is that RNase A could cleave 134 unpaired single strand regions within a longer R-loop, hence making the actual hybrid pieces 135 appear shorter. Alternatively, T7 RNA polymerase could be stalling stochastically at different 136 points along the template. Importantly though, the RNA fragments between the standard and 137 long R-loops gave different average sizes of ~150 and ~300 nucleotides respectively (Figure 4c) . 138
We could therefore compare the rate of unwinding on R-loops of similar sequence but different 139 length. Using the defined conditions of this assay FANCM-FAAP24 can unwind 100% of short 140 plasmid R-loops within 5 minutes, with ~55% unwinding occurring within the first minute 141 (Figure 4d ). In contrast FANCM-FAAP24 takes 10 minutes to achieve ~85% unwinding of longer 142 plasmid R-loops, a similar rate of unwinding when corrected for length (Figure 4d BLM for its ability to unwind co-transcriptional R-loops. We carried out the assay with 169 increasing amounts of BLM (Figure 5d ). While BLM protein could unwind a very small fraction of 170 the plasmid R-loops at high molar ratios of enzyme to plasmid (highest concentration 40nM, to 171 1nM substrate), it did this very slowly compared to FANCM:FAAP24, which rapidly unwound R-172 loops at stoichiometric and sub-stoichiometric concentrations (1nM for Figure 5d ). In contrast 173 to its much lower activity towards R-loop substrates, BLM was as efficient as FANCM in assays 174 using a plasmid D-loop substrate (Supplemental Figure 4) . These data suggest that BLM is 175 capable of unwinding R-loop structures, but unlike for FANCM, they are not its preferred 176 catalytic substrate. 177 But what is the nature of R-loops that are acted upon by FANCM? R-loops can form at multiple 237 different loci. Indeed, mathematical modeling suggests that every transcribed region is able to 238 form an R-loop, but that increased observation at some loci comes from the fact that particular 239 sequences are more prone to their formation, such as G-rich sequences (Belotserkovskii et al, 240 2017). Another consequence paradoxically, is that within a cell population, highly transcribed 241 genes are more likely to be discovered in an R-loop-bound, arrested state. In this study, we 242 have shown that FANCM can displace RNA from all co-transcriptional R-loops tested, including 243 those that are long and those with very high G-content. FANCM therefore has the potential to 244 act upon any R-loop in the genome. This might include R-loops required to initiate class switch 245 recombination at the immunoglobulin heavy chain locus in activated B cells, which regulates 246 immune function and occurs during G1 phase of the cell cycle (Schrader et al, 2007) . Some FA 247 mouse models show minor class switching defects (Nguyen et Next day the samples were centrifuged at 13,000 x g in table top centrifuge for 30min. 309
FANCM KO cells but not FANCL KO cells are sensitive to agents that induce R-loop
Supernatant was removed and samples were washed with 70% ethanol and centrifuged for a 310 further 10min. Supernatant was removed and pellets were left to air dry. R-loops were 311 resuspended in 10mM Tris pH8, then ran through 2x S-400 columns (GE Healthcare) to remove 312 unincorporated nucleotides, quantified using nanodrop and stored at 4 o C. 313
Protein Purification 314
The following were purified as previously described: FLAG-FANCM-FAAP24 and FLAG-315 To measure total cellular R-loop levels, HCT116 cells were treated with drug or vehicle for 4hr. 357
Total genomic DNA was extracted using Isolate II kit (Bioline). 1µg of genomic DNA was slot 358 blotted, using a BioRad Microfiltration apparatus, onto Biodyne B Nylon membrane (Thermo 359 Fisher), which was then air-dried and blocked in Odyssey blocking buffer (LiCor). The membrane 360 was then probed with 0.5µg/mL S9.6 anti-DNA:RNA monoclonal antibody (produced and 361 purified in house from S9.6 hybridoma (ATCC)) and 10ng/ml anti-ssDNA (F7-26, Millipore). Figure 4: FANCM-FAAP24 can process R-loops irrespective of sequence, length or genomic origin. A) R-loop processing assay with three independently derived R-loop forming sequences. The GC skew % of each sequence is indicated in brackets above the autoradiograph. B) R-loops can be formed by in vitro transcription in a forward or reverse direction through a 1.4kb telomeric repeat sequence. FANCM:FAAP24 was tested against both products. C) R-loops of similar sequence but different length were generated (see materials and methods) and shown to produce trapped RNA species of different sizes on a PAGE gel. Short (S) and long (L) plasmid based R-loops are shown in native or denatured states. D-E) Substrates from C were incubated in a representative timecourse with FANCM:FAAP24 and R-loop remaining plotted from an average of 3 experiments (±stderr). 
